Abstract This paper explores the possibility of utilizing bioethanol obtained from Madhuca Indica flower as an alternative fuel in a direct injection (DI) diesel engine. Three different percentages of bioethanol (5%, 10%, and 15%) on volume basis were emulsified with diesel proportionality with the help of a surfactant. The emulsions were designated as BMDE5, BMDE10, and BMDE15 where the numeric value refers to the percentage of bioethanol. The emulsions were tested as fuels in a single cylinder, four stroke, and air cooled DI diesel engine developing a power of 4.4 kW at 1500 rpm. Results indicated that the bioethanol-diesel emulsions exhibited a longer ignition delay by about 2.2°CA than that of diesel operation at full load. Overall, the nitric oxide (NO) and smoke emissions were found to be lesser by about 4% and 20%, respectively, with the bioethanol-diesel emulsions compared to that of diesel operation at full load. The BMDE5 emulsion gave a better performance and lower emissions compared to that of BMDE10 and BMDE15. It is suggested that the bioethanol produced from Madhuca Indica flower can be used as a potential alternative fuel replacing 5% of petroleum diesel.
Introduction
The gap between energy supply and demand increases exponentially as a result of increased population, improved civilization, and industrialization. The consumption of fossil fuels results in increased fuel prices and reduces the availability. The global warming potential (GWP) and ozone depletion potential (ODP) are also adversely affected by the greenhouse gases emitted from the combustion of fossil fuels, other industrial sources, and wastes. Since the fuel crisis arose in the late 1970s, many countries started investing huge amount of money on deriving alternative fuels for heat and power applications. Focus was emphasized to use alternative fuels particularly in internal combustion (IC) engines as they are used in different sectors which include the following: transportation, agriculture, industry, and power. Biomass derived fuels were found to be potential alternative fuels as they are renewable, largely available, and potential of reducing CO 2 emissions. Among the biomass derived fuels, bioethanol is considered to be one of the potential alternative fuels for IC engines. Bioethanol can be produced from simple sugar such as sugar cane, sugar beet, and molasses, or from other carbohydrates that can be converted to sugar, such as starch and cellulose. Starchy feedstocks are corn, maize, potatoes, etc., and cellulosic materials are such as wood, forest residue, agricultural residue, crop residue, etc. [1] . Bioethanol produced from food grains and sugar based vegetables like sugar beet restrict the use of bioethanol production in a large quantity in developing countries, because it results in food crisis. Therefore, researchers started to find appropriate methods to derive bioethanol from non-edible feedstocks such as forest residue, wood residue, stem of plant, etc.
Bioethanol has a high Octane number, and hence, it is directly used in spark ignition (SI) engines. However, compression ignition (CI) engines are preferred more than SI engines because the former gives a higher thermal efficiency and are robust in structure. But, bioethanol cannot be used directly in CI engines, because of its low Cetane number. It can be used either by fuel modification by making solution, blend or emulsion with a high Cetane fuel, or carrying out necessary engine modification such as dual fuel mode and surface ignition. Fuel modification is an easier and cheaper method in comparison with engine modification. Phase separation is a common problem noticed in bioethanol diesel blends or emulsion over a wide range of temperature application, presence of water in bioethanol, and its content [2] [3] [4] [5] [6] [7] [8] . In order to use the bioethanol-diesel blends in diesel engines, the stability of the blend or emulsion has to be increased with the help of a surfactant and co-solvent. When the temperature of the blend or emulsion increases, it becomes more stable and the solubility of bioethanol in the diesel increases. Research works on the utilization of bioethanol-diesel blends or emulsions in CI engines have been documented, which are beneficial for the implementation of bioethanol as fuel in CI engines [9] .
Exhaust emissions from an automotive diesel engine ran with 10% of anhydrous bioethanol diesel blend without any additive were evaluated and compared with diesel operation in the same engine. It was reported that there was a marginal improvement in the engine efficiency compared to that of diesel, and particulate matter emission was reduced [10] . Investigations were carried out to study the performance and exhaust emissions of a heavy duty DI diesel engine fueled with two different diesel ethanol emulsions. The percentages of ethanol were 5% and 10%, and the percentage of surfactant was 1.5% in the emulsion, which was kept constant for both the emulsion. It was reported that there was a reduction in the smoke, NO x , and CO emissions with the use of ethanol-diesel blends with respect to the diesel at full load. The reduction was found to be higher for the higher percentage of ethanol in the blend. The hydrocarbon emission was found to be increased for the ethanol-diesel blend as compared to that of diesel [11] .
The present study is aimed to explore the possibility of producing bioethanol from Madhuca Indica flower which is a forest tree residue and to use it in the form of emulsions with diesel in a DI diesel engine. Three different emulsions varying the percentage of bioethanol from 5% to 15% in steps of 5% on volume basis were used as fuels in a single cylinder, four stroke, air cooled, and direct injection diesel engine. The combustion, performance, and emissions parameters of the diesel engine fueled with bioethanol-diesel emulsions were evaluated, analyzed, and compared with those of diesel operation in the same engine.
Materials and methods
The feedstock used in this study was Madhuca Indica flower, which was collected from the Madhuca Indica tree. It is a forest tree grown abundantly in the tropical regions of Asia and Australia. The residues from the tree are used for different purposes, such as cattle feed and biomass used in direct combustion. The annual production of Madhuca Indica flowers in India in the year 2006 was estimated to be approximately 48,000 M tonnes [12] . The annual production of Madhuca Indica flower was expected to increase in the future, as the Madhuca Indica seeds are considered as one of the potential feedstocks for the biodiesel production in India. Several researchers have carried out research works on the production of biodiesel from Madhuca Indica oil (Mahua oil) by transesterification process and their utilization in diesel engines [13] [14] [15] [16] [17] . Methyl ester, ethyl ester, and butyl ester of Madhuca Indica oil were produced using methanol, ethanol, and butanol as reactants with some acid or base catalyst to accelerate the reaction [18, 19] . The fresh Madhuca Indica flowers can be used as a source of bioethanol production [12] [13] [14] [15] [16] [17] [18] [19] [20] . The tribal people from different locations in India and Pakistan produce country liquor by the fermentation process. Sujit kumar Mohanty et al. [12] established the production method for bioethanol from the Madhuca Indica flowers by solid-state fermentation. They studied various factors, such as the moisture content, initial pH, and temperature, affecting bioethanol production. Fig. 1 shows the schematic diagram of the bioethanol production process.
In this study, bioethanol was produced from Madhuca Indica flowers by the fermentation process, using saccharomyces cerevisiae. The fresh flowers of Madhuca Indica were collected from the village people, cleaned properly to remove the adhering soil particles, and dried in the sunlight. The yeast (Saccharomyces cerevisiae) was cultured on YENB (Yeast Extract Nutrient Broth) having 5% glucose and 1% of yeast extract for 48 h. The Madhuca Indica flowers were pretreated for the extraction of sugars. The flowers of Madhuca Indica and distilled water in a 2:1 ratio were autoclaved, at a pressure of 10 lb/inch 2 for 15 min. For the fermentation, starter culture was added at the rate of 10% (v/v) to the Madhuca Indica extract taken in a 1000 ml Erlenmeyer flask, and fermentation was carried out in a batch on laboratory bench at a tempera- ture of 30°C ± 2°C for 96 h. After the fermentation process, first distillation was done to get the crude extract, and further, the fractional distillation was done for the removal of water. The steps involved for checking the purity of bioethanol by an alcoholmeter is shown in Fig. 2 . % of Alcohol = [1.05 \ (initial specific gravity -final specific gravity) \ 100]/final specific gravity.
3. Properties of bioethanol Table 1 gives the comparison of the ultimate analysis of bioethanol produced from the Madhuca Indica flower with diesel. Table 2 gives the comparison of physical properties of bioethanol from different feedstocks with Madhuca Indica flower. The properties were tested in a standard fuel testing laboratory, i.e., ITA lab, Kolkata. Also, the comparisons of physical properties of bioethanol emulsions are given in Table 3 . The physical properties of Span 80 are given in Table 4 . The emulsions of bioethanol and diesel were prepared with 5%, 10%, and 15% of bioethanol and 94%, 89%, and 84% of diesel, respectively, with the addition of a surfactant Span 80 at 1% on volume basis. The surfactant was used to reduce the oil and water surface tension, to make microemulsions by maximizing the surface area. Span 80 has a hydrophilic lipophilic 150 ml of distilled ethanol in Graduated Cylinder (GC)
Transfer to boiling flask 50 ml distilled water added
Collection of 140 ml bioethanol Addition of 10 ml of distilled after cooling Use of alcoholmeter or hydrometer Figure 2 Layout of checking the purity of bioethanol. Note: B1 -bioethanol from sugar molasses, B2 -bioethanol from sugarcane, B3 -bioethanol from Madhuca Indica flower. balance (HLB) number of 4.3, and it is more lipophilic than hydrophilic which is an appropriate surfactant for the waterin-oil-emulsion [21] . The resultant mixture was stirred vigorously with the help of a mechanical agitator at the rate of 1800 to 2000 rpm for about 30 min. The emulsions were kept for an observation for 20 days to check the miscibility. There was no separation found in the emulsion.
Experimental setup
The investigation was carried out in a single cylinder, four stroke, air cooled, and DI diesel engine which developed a maximum power output of 4.4 kW at constant speed of 1500 rpm. The schematic diagram of the experimental setup is given in Fig. 3 . The specifications of the test engine are given in Table 5 .
An automatic solenoid controlled type burette is used to measure the fuel consumption. An air box fitted with the engine intake manifold is used to accumulate sufficient air. A manometer fitted in the air box shows the reading of the water head, which is used to calculate the air consumption of the engine. A K-type thermocouple with a temperature indicator fitted in the exhaust pipe indicates the temperature of the exhaust gas. An AVL Digas 444 exhaust gas analyzer shows the measurement of unburnt hydrocarbon (HC), Carbon monoxide (CO), and nitric oxide (NO) emissions when the probe of the analyzer is inserted and kept for a few minutes in the exhaust pipe. The HC, CO, and carbon dioxide (CO 2 ) are measured with the help of the gas analyzer that works on the non-dispersive infrared (NDIR) principle. The nitric oxide (NO) emission is measured by a photochemical sensor. An AVL 437C diesel smoke meter is used to measure the smoke density of the engine exhaust. The cylinder pressure at a particular crank angle is measured with the help of a Kistler made quartz piezoelectric pressure transducer (Model Type 5395A), mounted on the cylinder head in the standard position. A crank angle encoder is fitted to the output shaft to measure the crank angle. The data acquisition system in conjunction with pressure transducer and crank angle encoder will record the pressure and crank angle values. With the help of pressure values obtained for every crank angle degree, the remaining parameters like ignition delay, heat release rate, and combustion duration are calculated with the help of a software and stored in an excel sheet.
Uncertainty or error analysis is necessary to establish the bounds on the accuracy of the estimated parameters. Evaluations of some unknown uncertainties from known physical quantities were obtained using the following general equation (Coleman and Steele, 1989) .
In the equation cited, Y is the physical parameter that is dependent on the parameters, xi. The symbol U Y denotes the uncertainty in Y. By using the above equation, the uncertainty of the experiment was obtained ±3.13%. The range, accuracy, and uncertainties of each instrument used in the study are tabulated and given in Table 6 . Initially, the engine was operated with diesel for obtaining the reference data. Then, the experiments were conducted with different percentages of emulsion. For every load, the engine was run with at least 30 min to collect the data for three times. The average of three values of a particular parameter at each load was considered for the analysis. The variation in cylinder pressure with crank angle for the diesel and the three different emulsions is shown in Fig. 4 . It can be observed from the figure that the commencement of ignition for diesel is the earliest, while the commencement of ignition for the BMDE15 emulsion is the latest at full load. The cylinder peak pressures for the BMDE5, BMDE10, and BMDE15 emulsions are 77.07 bar, 76.79 bar, and 77.36 bar, respectively, which is attained approximately at 370.42 o CA, 370.22°CA, and 371.25°CA, respectively, at full load, whereas for diesel, it is 73.49 bar at 369.56°CA. For the BMDE15 emulsion, the combustion pressure occurred approximately about 2°CA after the diesel ignition. The ignition of the BMDE15 emulsion is the farthest from diesel, while the ignition of the BMDE10 emulsion is the closest to diesel at full load. Fig. 5 shows the variation in ignition delay for diesel and bioethanol-diesel emulsions at different loads. The ignition delay is nothing but the time lag between the start of fuel injection and the start of fuel ignition, which is measured in the degree crank angle [22] . It can be observed from the figure that the ignition delay decreases with an increase in the engine load as a result of increased cylinder gas temperature [11] . It is also apparent from the figure that the ignition delay for the bioethanol-diesel emulsions is much longer than that of diesel in the entire engine operation. The difference in the ignition delay between diesel and the bioethanol-diesel emulsions at full load is about 1-2°CA. At full load, the BMDE15 emulsion shows the longest ignition delay compared to that of diesel. The lower Cetane number of bioethanol-diesel emulsion is the reason for the longer ignition delay at full load [11] .
Ignition delay

Heat Release Rate (HRR)
The heat release analysis can provide information about the effects of engine design changes, fuel injection system, fuel type, and engine operating conditions, on the combustion process and engine performance [23] . The heat release rate was calculated by making analysis of the first law of thermodynamics. Sorenson et al. presented the following equation for heat release [24] : Figure 4 Variation in cylinder pressure with crank angle. Full Load Figure 5 Variation in ignition delay for diesel and the bioethanol-diesel emulsions at different loads.
where @E @h = rate of heat release (J/°CA), # = gas volume (m 3 ), P = cylinder pressure (bar), h = crank angle (°), c = ratio of specific heat, @Ew @h = rate of heat transfer from the wall (J/°CA). Fig. 6 illustrates the variation in the heat release rate with the crank angle for diesel and the bioethanol-diesel emulsions at full load. It can be observed from the figure that the maximum HRR is found to be the highest for the BMDE15 emulsion followed by the BMDE5, BMDE10 emulsion and diesel.
In case of the bioethanol-diesel emulsion, more fuel is accumulated in the delay period, and hence, higher HRR is recorded. Another reason may be due to better mixing and complete combustion of the fuel-air mixture. In the case of the BMDE10, the latent heat of vaporization of the emulsion may dominate the other fuel properties, and hence, a lower heat release rate is noticed. Fig. 7 portrays the cylinder pressure for different percentages of bioethanol in the emulsions at different loads. The cylinder peak pressure of a compression ignition (CI) engine is mainly due to the amount of fuel accumulated in the delay period and the combustion rate in the initial stages of premixed combustion. It is evident from Fig. 7 that the maximum cylinder pressures for the bioethanol-diesel emulsions are found to be higher than that of diesel operation, as a result of higher heat release rates. The maximum cylinder pressure for diesel varies from 53.35 bar to 73.49 bar and from no load to full load, respectively. For the BMDE5 emulsion, the values of maximum cylinder pressure from no load to full load are 54.27-77.01 bar, respectively.
Maximum cylinder pressure
In the case of the BMDE10 and BMDE15 emulsions, the maximum pressures are found to be in the range of 52.46-76.79 bar and 54.31-77.36 bar at no load to full load, respectively. The percentage increase in the maximum cylinder pressure for the BMDE5, BMDE10, and BMDE15 emulsions are 3.29%, 2.71%, and 3.78%, respectively, compared to that of diesel at full load. Fig. 8 shows the combustion duration with respect to the percentage of the bioethanol in the emulsions at different loads. Combustion duration was calculated from the cumulative heat release data computed from the heat release rate, and the duration of 90% of heat release is taken as the combustion duration [25] . The combustion duration decreases with an increase in the bioethanol. The addition of bioethanol with diesel decreases the heating value of the emulsion. On the other hand, the oxygenated fuel can promote the combustion rate, especially the diffusive combustion rate. It can be observed from the figure that at full load, all the bioethanol-diesel emulsions have shorter combustion durations compared to that of diesel. The reason may be the faster combustion rate due to high temperature as a result of longer ignition delay and oxygen enhanced combustion [26] .
Combustion duration
Engine performance analysis
5.2.1. Brake Specific Energy Consumption (BSEC) Fig. 9 illustrates the variation in the brake specific energy consumption of diesel and bioethanol-diesel emulsions at different loads. The fuel consumption characteristics of an engine are generally expressed in terms of the specific energy consumption in MJ/kW h. If two different fuels of different density and calorific values are blended, then the brake specific energy consumption is considered, instead of the BSFC. It can be observed from the figure that the BSEC decreases with an increase in the brake power. It can also be noticed from the figure that the BSEC for the BMDE5, BMDE10, and BMDE15 emulsions is found to be higher by about 17.26%, 17.5%, and 30.12%, respectively, than that of diesel at full load.
This may be due to the lowering of the energy content of the emulsions caused by the presence of water.
Exhaust Gas Temperature (EGT)
The variation in the exhaust gas temperature with respect to different percentages of bioethanol in bioethanol-diesel emulsions at different loads is shown in Fig. 10 . It can be observed from the figure that the exhaust gas temperature increases with increase in load for all tested fuels. The exhaust gas temperature for diesel, BMDE5, BMDE10, and BMDE15 is 315.3, 321.6, 325.6, and 328.2°C, respectively, at full load. BMDE5 has a lower exhaust gas temperature compared to that of BMDE10 and BMDE15 throughout the entire load operation. This may be due to effective combustion which is taking place in the early stages of exhaust stroke, and hence, there is a saving with respect to exhaust gas energy loss. The BMDE15 possess higher exhaust gas temperature compared to that of diesel, BMDE5 and BMDE10 at full load. The reason may be due to more energy consumption and shorter combustion duration of BMDE15 emulsion [27] .
Thermal energy balance
Thermal energy balance is defined as the heat input given by fuel in respect of useful work, heat loss through the exhaust, heat carried away by the lubricating oil, and unaccounted losses (radiation, vapor in the exhaust, heat transfer through fins, etc.). The variation in thermal energy balance for diesel and bioethanol-diesel emulsions at different loads is shown in Fig. 11 . Thermal energy balance can be calculated using following equation:
Heat supplied by the fuel is given as:
where CV = calorific value (kJ/kg), M f = Mass of fuel consumption (kg/h). Heat converted to useful work (or) brake work is given as:
Useful work ðq1Þ ¼ Brake power Ã 3600 ðkJ=hÞ ð 4Þ
Percentage of useful work = (useful work/Q) \ 100. Heat loss through the exhaust (q 2 ) is given as:
where Ma = mass of air consumption (kg/h), C pg = specific heat of gas at different exhaust temperatures (kJ/kg°C), T g = exhaust gas temperature (°C), and T a = atmospheric temperature (30°C) Heat carried away by the lubricating oil (q 3 ) is calculated as:
where M oil = mass flow rate of lubricating oil (kg/h), =(Volume of oil \ density of oil)/3600, C oil = Specific heat of oil at mean average temperature (kJ/kg°C), (T f À T i ) = temperature rise in oil (°C). Unaccounted heat loss is given as:
From the graph, it is evident that the useful work increases as the load increased, but other losses are decreased. The useful work for the BMDE5, BMDE10, and BMDE15 emulsions is found to be higher by about 3%, 4%, and 6%, respectively compared to that of diesel at full load. This may be due to efficient combustion of emulsion and cooling effect of bioethanol. Similar result has been reported by Ajav et al. [28] . At full load, the heat loss through the exhaust is found to be higher for all the emulsions compared to that of diesel. Though there is an efficient work is achieved by the emulsions, some amount of heat is lost, may be due to the burning of fuels at the end of expansion stroke. Other losses are minimized with higher percentage of bioethanol operation (Table 7) . It can be observed that the BSHC emissions of the three emulsions are found to be higher than that of diesel at full load. The BSHC emissions of BMDE10 and BMDE15 are found to be higher by about 8.33% and 22.16%, compared Heat to Exhaust (%) Bioethanol in bioethanol-diesel emulsion (% by vol.)
Bioethanol in bioethanol-diesel emulsion (% by vol.)
Bioethanol in bioethanol-diesel emulsion (% by vol.) Figure 11 Variation in thermal energy balance for diesel and the bioethanol-diesel emulsions at different loads. Figure 12 Variation in BSHC for the diesel and the bioethanoldiesel emulsions at different loads.
to that of diesel at full load. This may be due to the fact that the increase in the volume of bioethanol increases the heat of evaporation and formation of a quench layer. This might slow down the vaporization and mixing of fuel with air, and hence, the BSHC emissions for a given power output increased with an increase in the percentage of bioethanol in the emulsions [29] . The BSHC values of diesel, BMDE5, BMDE10, and BMDE15 at full load are recorded as 0.025, 0.0279, 0.0323, and 0.0368 g/kWh, respectively, at full load.
Brake Specific Nitric Oxide (BSNO) emission
The two principal factors that affect the formation of NO emission in a CI engine are the cylinder gas temperature and oxygen availability for combustion [22] . The variation in the BSNO emission given in g/kWh with respect to different percentages of bioethanol at different loads is shown in Fig. 13 . It can be depicted from the figure that for BMDE15, the BSNO emission decreases with the increase in the percentage of bioethanol in the emulsion at full load, as a result of high latent heat of vaporization. However, the BMDE5 and BMDE10 emulsions exhibit lower BSNO emissions compared to those of diesel and the BMDE15 emulsion at part loads. The BSNO emissions for the bioethanol-diesel emulsions are found to be lower than that of diesel throughout the engine operation [29] . The reduction of BSNO in percentage for the BMDE5, BMDE10, and BMDE15 emulsions with respect to diesel at full load is 3.3%, 3.8%, and 4.1%, respectively.
Smoke emissions
Fig. 14 portrays the smoke density for different percentages of bioethanol in the bioethanol-diesel emulsions at different loads. The bioethanol has less number of carbon atoms in it, and hence, the ratio of carbon to hydrogen is two. As a result, lower smoke emissions are recorded for the bioethanol-diesel emulsions.
The smoke emissions of the BMDE5, BMDE10, and BMDE15 emulsions are found to be lesser by about 2.31%, 4.8%, and 20.8%, respectively, compared to that of diesel at full load.
Conclusion
Experiments have been conducted on a diesel engine using three different bioethanol-diesel emulsions varying the bioethanol fraction by about 5%, 10%, and 15% in the emulsion.
The conclusions of the investigation are as follows:
The ignition delay of the bioethanol-diesel emulsions is longer by about 1.12, 1.92, and 2.15°CA, respectively, compared to that of diesel data at full load.
The maximum cylinder pressures of the BMDE5, BMDE10, and BMDE15 emulsions are higher by about 3.58%, 3.1%, and 3.87%, respectively, compared to that of diesel at full load. The useful work for BMDE5, BMDE10, and BMDE15 is higher by about 3%, 4%, and 6%, respectively compared to that of diesel. Heat loss through the exhaust is higher for bioethanol-diesel operation. At full load, the HC emission for the BMDE10 and BMDE15 emulsions are higher by about 8.33% and 22.16%, respectively compared to that of diesel, and for BMDE5, the HC emission was found to be lesser by about 5.92% than that of diesel. The NO emission for the BMDE5, BMDE10, and BMDE15 emulsions are lesser by about 3.3%, 3.8%, and 4.1%, respectively, in comparison with diesel at full load. In comparison with diesel, the smoke emissions of BMDE5, BMDE10, and BMDE15 are lesser by about 2.31%, 4.8%, and 20.8%, respectively, at full load.
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